Obstructive sleep apnea (OSA) causes dysfunction of the autonomic nervous system, but the exact mechanism has not been fully understood. The aim of this study was to analyse the relationship between the incidence and severity of OSA and heart rate turbulence (HRT). Seventy one patients with clinical suspicion of OSA were qualified to participate in the study. All participants took part in a survey and were subjected to laboratory tests, 24-hour electrocardiogram (ECG) Holter monitoring with HRT analysis and polysomnography. The group with OSA manifested significantly higher turbulence onset (TO) and lower turbulence slope (TS) as compared to the group without OSA. Older age, diabetes, hypertension and higher apnea/hypopnea index (AHI) were found to be independent risk factors for increased TO, whereas older age, higher body mass index (BMI), higher blood glucose levels, hypertension and higher AHI were independent risk factors for TS reduction. The AHI ≥65 criterion indicates abnormal HRT in patients with OSA with 94.9% sensitivity and 50.0% specificity, which gives a prediction accuracy of 85.7%. In summary, OSA should be considered as a predictor of abnormal HRT.
Introduction
Obstructive sleep apnea (OSA) is a sleep apnea syndrome that increases cardiovascular risk. It is caused by repeated partial or complete closure of the upper respiratory tract, leading to hypoxaemia, hypercapnia, deterioration of sleep quality and sympathetic hyperactivity [1, 2] . OSA is associated with a higher incidence of cardiovascular diseases, including hypertension [3] , ischaemic heart disease [4] , heart failure [5] , stroke [6] and cardiac arrhythmias [7] . It has been proved that sleep apnea causes dysfunction of the autonomic nervous system, but the exact mechanism has not been fully understood [8] .
Heart rate turbulence (HRT) is an important prognostic indicator for the activity of the autonomic system in cardiovascular diseases. This method was presented by Schmidt et al. in 1999 to assess cardiovascular risk in patients after myocardial infarction [9] . Heart rate turbulence is an analysis of the variability of the sinus node response by evaluating the frequency of discharges after the occurrence of ventricular premature beat (VPB) and is regulated by a baroreceptor reflex. VPBs are extra heartbeats that occur due to abnormal electrical activation that originates in the ventricles. HRT analyses assess how the sinus node, which triggers heartbeats and is controlled by the baroreceptor, responds to VPB by assessing the frequency of the following discharges. Heart rate turbulence is defined as turbulence onset (TO) and turbulence slope (TS) [10] . TO is percentage difference between the heart rate immediately following premature ventricular complex and the heart rate immediately preceding premature ventricular complex. TO is expressed as a percentage, which means that the heart rate acceleration after additional ventricular excitation is <0% under normal conditions. TS is the steepest slope of the linear regression line for each sequence of five consecutive normal intervals in the local tachogram. TS is expressed in milliseconds per RR interval (time elapsed between two successive R-waves of the QRS signal on the electrocardiogram) and its standard is >2.5 ms/RR [10] . The prognostic value of TO and TS indices of cardiac death was shown especially in the population of patients after myocardial infarction [9, 11, 12] , patients with heart failure [13] [14] [15] [16] , cardiomyopathy [17] and in patients who required heart transplantation [18] .
A review of previous studies shows that obstructive sleep apnea is an important risk factor for arrhythmia development. A study by Selim et al. showed that moderate and severe OSA is associated with a twofold higher risk of any heart rhythm disturbances during sleep [7] . Sleep apnea is conducive to complex ventricular arrhythmias [19] , atrial fibrillation [20] and conduction abnormalities such as pauses, bradycardia and atrioventricular blocks [21] . In the 5-year follow-up of more than 10,000 patients diagnosed for sleep apnea, a significant correlation was found between decreased mean saturation at night and sudden cardiac death (SCD) [22] .
Sleep apnea has been shown to disturb the balance of the autonomic nervous system (ANS), inducing sympathetic hyperreactivity and reduction of parasympathetic activity [23] . Turbulence of heart rhythm with proven predictive value in patients with ischemic heart disease and heart failure is a good parameter of ANS assessment [24] . There are still few studies analysing correlations between obstructive sleep apnea and heart rate turbulence [25] [26] [27] .
The aim of this study was to analyse the relationship between the incidence and severity of OSA and heart rate turbulence in patients with clinical suspicion of OSA. In addition, the purpose of the study was to determine apnea/hypopnea index (AHI) predictive values for the occurrence of abnormal HRT.
Material and Methods

Study Group
We retrospectively qualified 71 consecutive patients referred to department of internal medicine with clinical suspicion of obstructive sleep apnea. The patients were enrolled between January 2017 and December 2018. Inclusion criteria were as follows: age between 18 and 90 years, the presence of at least 25 additional ventricular beats in Holter electrocardiogram (ECG), clinical suspicion of OSA, and patients willing to participate in this study. Exclusion criteria were as follows: presence of active inflammation, presence of active malignancy and severe mental disorders, and cognitive disability. The study group consisted of 43 men and 28 women. The average age was 58.86 ± 11.69 years. In the majority of subjects obesity (59.1%), hyperlipidaemia (67.6%) and hypertension (74.6%) were found. Diabetes mellitus occurred in 19.7% of patients and ischemic heart disease in 16.9% ( Table 1) .
The group was divided into patients with the presence of OSA (group A) and without OSA (group B). The disease was defined on the basis of elevated AHI ≥ 5/h. Using the optimal cut-off point for AHI according to the receiver operating characteristic (ROC) curve, two further subgroups were identified from the whole study group, where patients with AHI ≥ optimal cut-off point were found in group C and patients with AHI < optimal cut-off point according to the ROC curve in group D. For statistical purposes, the group of patients with OSA was further disaggregated, taking into account three different AHI limits: 15, 30 and the optimal cut-off point according to the ROC curve. 6 subgroups were obtained: subgroup A1 with AHI ≥ 15/h, A2 with AHI < 15/h, A3 with AHI ≥ 30/h, A4 with AHI < 30/h, A5 with AHI ≥ optimal cut-off point, A6 with AHI < optimal cut-off point according to the ROC curve ( Figure 1 ). Table 1 . Clinical characteristics of the study group.
Whole Study Group
Obstructive Sleep Apnea (OSA) (Group A)
Without OSA (Group B) p A vs. B Figure 1 . Study groups and differentiated study subgroups.
Study Methodology
The study was approved by the Local Ethics Committee.
The study group carried out surveys, laboratory tests, polysomnography and 24-hour Holter ECG monitoring at the same time. The survey asked about demographic and anthropometric parameters (gender, age, height, body weight), cardiovascular diseases (ischaemic heart disease, stroke) and cardiovascular risk factors (hypertension, diabetes, hyperlipidaemia, smoking).
The concentrations of total cholesterol, LDL cholesterol, HDL, triglycerides and fasting glucose were determined.
Patients had a full polysomnographic examination, unattended, type II with NoxA1 ResMed (serial number 992901595) in the Sleep Medicine Laboratory. Records of brain bioelectrical function (electroencephalography, EEG), eyeball movements (electrooculography, EEA), muscular tension from anterior chinothoracic and tibial electrodes (electromyogram, EMG), air flow from the nasal and nasal pressure sensor, chest and abdomen movements by inductive plethysmography, blood saturation by pulse oximetry were recorded. The analysis of the tests was carried out by a qualified physician, in accordance with the guidelines of the American Academy of Sleep Medicine on the Noxturnal system (version 5.1.2.2.20294) [25] .
Heart Rate Turbulence (HRT)
Twenty-four hour (from 6:00 to 6:00 the next day) Holter ECG recordings were made with Lifecard CF 12-channel recorder serial number LIFE-045348/2015, and recording analysis with Sentinel Spacelabs Healthcare Pathfinder SL version 1.7.1.5164 with serial number 8395 (Delmar Reynolds, Hertford, UK). Holter monitoring and polysomnography were carried out in each patient simultaneously. The time of the polysomnographic recorder was synchronized with the time of the Holter ECG recorder. The study group was to observe the set hours of daytime activity (6:00-22:00) and night-time rest (from 22:00 to 6:00 next day) and to keep a diary of activities performed during the day and hours of sleep. The examinations were analysed by one doctor who had no insight into the patient's clinical data and the result of polysomnography. The heart rate turbulence (HRT) have been automatically calculated by the Sentinel Spacelabs system. To properly prepare the ECG for subsequent analysis, the editing of automatic record was verified visually. HRT parameters were considered normal when TO <0%, and TS >2.5 ms/RR interval. The analysed HRT indices permitted to define percentages of individuals with both normal HRT parameters (HRT0), individuals with a single abnormal parameter of HRT (HRT1) and individuals with both abnormal HRT parameters (HRT2), (Table 2 ). HRT-heart rate turbulence, TO-turbulence onset, TS-turbulence slope.
Statistical Analysis
Statistical analyses were carried out using the statistical package "Dell Statistica 13.1". (Dell Inc., Texas, USA). The distribution of variables was checked by Lilliefors and W-Shapiro-Wilk tests. In the case of independent quantitative variables with normal distribution, the t-test for variables was used for further statistical analysis. In the case of variables with distribution other than normal, the Mann-Whitney U-test was used for quantitative independent variables. For independent qualitative variables, the quadrate-square test of the highest reliability was used for further statistical analysis. Correlation and regression analysis was performed to determine the relationships between the variables studied. Parameters of the model obtained in regression analysis were estimated using the least squares method. In addition, the accuracy of the test was evaluated based on ROC curve analysis. The results on the level of p < 0.05 were assumed to be statistically significant.
Results
In the whole study group of 71 patients admitted to hospital with suspected obstructive sleep apnea, the TO parameter was equal to -2.77 ± 2.31 % and the TS parameter was equal to 8.43 ± 6.47 ms/RR. Normal TO value was found in 66 patients, which constituted 92.9% of the study group, normal TS in 62 patients, 87.3% of the study group (Table 3) . Group A (with OSA) manifested significantly higher mean values of TO and lower mean values of TS as compared to group B (without OSA). As compared to group B, a significantly lower percentage of persons in group A was included in the normal TS category ( Table 3 ).
The ROC curve was plotted, which indicated AHI value equal to 65 as the optimal cut-off point for abnormal heart rate turbulence prediction in the studied group of patients with suspected OSA. The AHI ≥ 65 criterion indicates abnormal heart rate turbulence with a sensitivity of 96.6% and specificity of 41.7%, giving a prediction accuracy of 87.3%. For comparison, a typical OSA diagnosis criterion, i.e. AHI ≥ 5 indicates abnormal heart rate turbulence with sensitivity of 33.9% and specificity of 83.3%, which gives a prediction accuracy of 42.3%. The ROC curve of abnormal heart rate turbulence prediction among the examined patients is presented in Figure 2 , and measures of the conducted relationship analysis in Table 4 . As compared to the remaining groups distinguished on grounds of the optimal cut-off point for abnormal heart rate turbulence prediction in the studied group of patients with suspected OSA, group C (with AHI ≥ 65) manifested significantly lower mean values of TS as compared to group D (with AHI < 65). As compared to group D, a significantly lower percentage of persons in group C was included to the normal TS category. A significantly lower proportion of persons were included in category HRT0 in group C than in group D. On the other hand, a significantly higher proportion of persons was included into the category of HRT1 in group C than in group D ( Table 5 ). The next stage of studies in group with OSA confirmed by polysomnography permitted us to distinguish the subgroups. Subgroup A1 (with moderate and severe obstructive sleep apnea, AHI ≥ 15) manifested significantly higher mean values of TO and lower mean values of TS as compared to subgroup A2 (with mild obstructive sleep apnea, AHI < 15), (Table 6A) . A significantly lower proportion of persons were included to category normal TS in subgroup A3 (with severe obstructive sleep apnea, AHI ≥ 30) than in subgroup A4 (with mild and moderate obstructive sleep apnea, AHI < 30), (Table 6B ). In the study group of patients with OSA confirmed by polysomnography, the ROC curve was plotted and the AHI value was equal to 65 as the optimal cut-off point for abnormal heart rate turbulence prediction. The AHI ≥65 criterion indicates abnormal heart rate turbulence in patients with OSA with 94.9% sensitivity and 50.0% specificity, which gives a prediction accuracy of 85.7%. For comparison, the typical criteria differentiating gravity of OSA, i.e. AHI ≥15 and AHI ≥30 indicate abnormal heart rate turbulence with sensitivity, specificity and accuracy, respectively 17.9%, 90.0%, 32.7% and 56.4%, 70.0%, 59.2%. The ROC curve of abnormal heart rate turbulence prediction among patients with confirmed OSA is presented in Figure 3 , and measures of the relationship analysis carried out are in Table 7 . As compared to the remaining groups distinguished on the grounds of the optimal cut-off point for abnormal heart rate turbulence prediction in the studied group of patients with OSA confirmed by polysomnography, subgroup A5 (OSA with AHI ≥ 65) manifested significantly lower mean values of TS as compared to subgroup A6 (OSA with AHI < 65). As compared to subgroup A6, a significantly lower percentage of persons in subgroup A5 was included to the normal TS category. A significantly lower proportion of persons were included in category HRT0 in subgroup A5 than in subgroup A6. On the other hand, a significantly higher proportion of persons was included into the category of HRT1 in subgroup A5 than in subgroup A6 (Table 8 ). The analysis of correlation between AHI and HRT parameters showed that there is a moderate positive correlation in the TO parameter (r = 0.33, p = 0.005) and a moderate negative correlation in the TS parameter (r = −0.42, p = 0.000) in the whole study group. In the group of patients with diagnosed obstructive sleep apnea there was a weak positive correlation in the TO parameter (r = 0.28, p = 0.045) and a moderate negative correlation in the TS parameter (r = −0.32, p = 0.023) ( Table 9 ). In the study group the possible independent risk factors for the parameters of heart rate turbulence were found on the basis of the univariable linear regressions between parameters of heart rate turbulence (TO, TS) and basic anthropometric data (age, height, body mass, BMI, gender, obesity), lipid metabolism parameters (blood concentration of total cholesterol, LDL cholesterol, HDL cholesterol, triglycerides), blood glucose concentration, cardiovascular diseases (hyperlipidaemia, diabetes, arterial hypertension, coronary artery diseases, stroke), smoking, AHI from polysomnography. As the next step, with the use of multivariable stepwise regression analysis taking into account statistically significant variables of univariable linear regressions, the final models were obtained for the specific parameters of heart rate turbulence. The following model have been obtained: TO = 0.090 age + 1.486 diabetes + 0.343 arterial hypertension + 0.019 AHI, TS = −0.158 age − 0.073 BMI − 0.028 glucose − 3.480 arterial hypertension − 0.044 AHI Older age, diabetes, hypertension and higher AHI values were found to be independent risk factors for increased TO, whereas older age, higher BMI, higher blood glucose levels, hypertension and higher AHI values were independent risk factors for TS reduction. The full results of the regression analysis are presented in Table 10A ,B. 
Discussion
The study showed that obstructive sleep apnea is an independent risk factor for abnormal heart rate turbulence. As AHI increases, the TO increases, while TS decreases. The severity of apnea affects the degree of disorders of the autonomic nervous system of the heart [23] . The AHI limit value, characterized by the highest prediction accuracy of abnormal 24-hour heart rate turbulence, was ≥65/h. Multivariable regression analysis showed other risk factors, apart from AHI, of abnormal HRT, including: older age, higher BMI values, higher blood glucose levels and the presence of diabetes and hypertension.
In healthy people with a properly functioning autonomic nervous system, after the appearance of additional ventricular stimulation, dynamic changes in heart rate in the form of initial acceleration and late gradual deceleration are observed [26] . If there is an autonomic nervous system (ANS) disorder, the characteristic response of the sinus node is weakened or eliminated [27] . Previous studies have shown that patients with sleep apnea develop abnormal regulation of the autonomic cardiovascular system. Yang et al. observed a negative correlation between night-time TS and AHI measurement in patients without obvious cardiovascular disease, with moderate and severe apnea with AHI > 20/h [28] .
In our study we found statistically significant differences between the group with apnea (AHI ≥ 5) and apnea (AHI < 5) for both TS (p = 0.002) and TO (p = 0.025). Similar results were obtained by Aytemir et al., showing the effect of sleep apnea on the deterioration of turbulence indexes (HRT), heart rate variability (HRV) and QT interval dynamics, and thus on myocardial vulnerability on the occurrence of ventricular arrhythmias [29] .
HRT values may be affected by many coexisting diseases: coronary heart disease [30] , heart failure [31] , hypertension [32] , type 2 diabetes [33] and older age [34] . In our study, we demonstrated additional risk factors for abnormal turbulence parameters in the form of higher BMI values and abnormal fasting glycemia. Heart rate turbulence shows changes in sinus rhythm, which is a reflection of baroreceptors' response to haemodynamic changes that occur after additional ventricular stimulation. Numerous experimental and clinical studies have shown that lowering the sensitivity of baroreceptors affects abnormal turbulence indices [35, 36] . Among many markers of ANS function, researchers Yang and Szymanowska demonstrated that TS is the most sensitive indicator of autonomic nervous system damage in obstructive sleep apnea, its value exceeding the variability of heart rhythm [28, 37] . Studies from recent years showed a statistically significant correlation between high AHI and reduced heart rate turbulence [31, [38] [39] [40] . However, none of these studies determined the cut-off point for AHI, characterized by the highest sensitivity and specificity in the detection of HRT pathology. In this study, we have shown that AHI ≥65 has the highest prediction accuracy for abnormal heart rate turbulence. This is an important tip for clinicians to implement early cardiological prophylaxis in patients with severe sleep apnea and thus reduce their very high cardiovascular risk.
HRT might be related not only to pathological respiratory pattern in OSA, but also many others factors may be considered. Firstly, arousal and awaking may influence HRT. Secondly, oxygen desaturation and hypoventilation may be relevant. It is worth to notice that other than AHI OSA-related variables (time spent with oxygen saturation <90% sleep time, awakenings, periodic leg movements heart rate and daytime sleepiness) were significant independent predictors of composite cardiovascular outcome [41] .
The main limitation of this study is a relatively small study group. Typically for patients with obstructive sleep apnea, the majority of patients had diagnosed arterial hypertension, obesity and hyperlipidaemia. These diseases may affect the autonomic nervous system, but at the same time the correlation between these states is so strong that it was not possible to select a group of patients without cardiovascular risk factors. On the other hand, the results were subjected to multifactorial regression analysis, which allowed us to determine independent predictive factors of reduced heart rate turbulence. In addition, the study group with co-morbidities reflects the true picture of the general population of patients with OSA and not a selected cohort. As a result, the results of our study add more value to everyday clinical practice.
Conclusions
• OSA should be considered as a predictor of abnormal heart rate turbulence. • AHI ≥65 is characterized by the highest accuracy of abnormal heart rate turbulence in both the whole study group and the subgroup of patients with confirmed OSA.
•
Higher AHI values, together with older age, higher BMI values, higher blood glucose levels, diabetes and hypertension are an independent risk factor for abnormal heart rate turbulence parameters and patients with suspected OSA.
